Abstract: The levels of heavy metals copper and zinc were found to be high in the Vellar estuary. Therefore their effects on the larval development of the abundant hermit crab Clibanarius longitarsus were studied individually and in combination from hatching till moulting to glaucothoe stage in the laboratory using freshly hatched Artemia nauplii as food. The 96 h LC50 values found with 100 larvae each kept in 10 different concentrations of copper and zinc (350, 300, 250, 200, 150, 100, 50, 25, 10 and 5 ppb) were 50 ppb for copper and 90 ppb for zinc. Based on these 96 h LC50 values, three sublethal concentrations were chosen for the metals copper and zinc at 50%, 25% and 10% levels of the LC50 values. With increase in concentration of the test medium, the survival rate decreased and the time required for the completion of each zoeal stage increased. Copper was found to be more toxic than zinc as the survival rate in copper concentrations was lower than those in zinc concentrations. The survival rate in the mixed concentrations of metals was lower than in individual concentrations.
Introduction
The larval stages represent the weakest phase in the process of perpetuation of commercially important species of crustaceans such as shrimps, spiny lobsters and brachyuran crabs (Vorsatz 2000) . Survival of these larvae is the most important factor that determines the strength of the fishery in the years to come. Due to the dynamic nature of marine habitats, environmental factors assume added relevance and play a crucial role in the recruitment, distribution and establishment of organisms. Discharging of wastes is detrimental as larvae are more sensitive to this aberration than adults. Therefore in experimental toxicology it is stressed that developmental stages should preferably be used (Jackson et al. 2005) .
Perfection of techniques for rearing the larvae in laboratory came in handy and the effects of pollutants on larval development of many decapod crustaceans have been investigated (Epifanio 1979) . Shrimps and crabs have been well established as bioindicators for monitoring the concentration of heavy metals in many areas of the world (Darmono & Denton 1990; Palmer & Presley 1993; Bu-Olayan & Subrahmanyam 1998; Kress et al. 1998; Mantelatto et al. 1999; Kargin et al. 2001; Vazquez et al. 2001) . As synergistic influence of pollutants in combination with important environmental variables will provide important clues to environmental perturbation rather than a single parameter, few studies in this direction have been made (Jackson et al. 2005) . Vernberg & DeCoursey (1977) reared the larvae of Uca pugilater (Bosc, 1802) in 1.8 ppb mercury at four combinations of salinity and temperature. Rosenberg & Costlow (1976) studied the synergistic effects of cadmium and salinity combined with constant and cyclic temperature on the larval development of Callinectes sapidus (Rathbun, 1896) and Rhithropanopeus harrisii Gould, 1841. Selvakumar et al. (1987) studied the synergistic effect of heavy metals copper and mercury along with salinity on the larval development of the xanthid crab Heteropanope indica (De Man, 1887) .
In the present study, as the levels of heavy metals copper and zinc were found to be higher in the Vellar estuary than other metals, the synergistic effects of the above two metals were studied on the larval stages of the hermit crab Clibanarius longitarsus (De Haan, 1849) (Anomura, Diogenidae), which occurs abundantly here.
Material and methods
There are four zoeal stages and a glaucothoe in the larval life history of the hermit crab Clibanarius longitarsus (Ajmalkhan & Natarajan 198l) . The synergistic effects of metals on the larval stages of this species have been studied from hatching till moulting to glaucothoe stage in the laboratory using freshly hatched Artemia nauplii as food. To obtain larvae, animals were collected just 4/5 days prior to full/new moons. They were kept in plastic buckets and brought to the laboratory. In order to assess their ovigerous condition, the shells were carefully cracked with the help of a mechanical vice. Berried females were separated, offered new shells and kept in glass troughs or plastic containers c 2010 Institute of Zoology, Slovak Academy of Sciences having filtered sea water until the hatching of larvae occurred.
Test water
Previous studies on the effect of salinity on the larval development of this organism showed better survival at 35‰ salinity (Ajmalkhan & Natarajan 1981) . Therefore the test water was collected from the estuary during high tide. It was filtered through a sintered glass column packed with glass wool and used. The temperature of the water during the larval rearing period was 29 ± 1 • C. From the stock solutions of metals, serial dilutions were made to get the required concentrations.
Test procedure
As soon as the hatching of the larvae occurred, the larvae were separated in clean 200 ml glass bowls containing filtered estuarine water. The bowls were washed in 10% HC1 and then thoroughly rinsed with deionised water prior to use.
To find out the 96 h LC 50 value, 100 larvae each were kept at 10 different concentrations of copper and zinc (350, 300, 250, 200, 150, 100, 50, 25, 10 and 5 ppb) . Based on the 96 h LC 50 values of 50 ppb for copper and 100 ppb for zinc, three sublethal concentrations (50%, 25% and 10% of the LC 50 values) were chosen for each metal (25, 12.5 and 5 ppb for copper and 50, 25 and 10 ppb for zinc). When these metals were applied in combination, the same concentrations as in individual tests were mixed. A control was also maintained.
In each metal treatment and control, 100 larvae were reared. All larvae for the test came from a single berried female and were less than 12 h old at the beginning of the experiment. Larvae were transferred daily to clean bowls containing fresh medium by means of a small pipette. Absence of movement showed the death of larvae. The dead larvae were removed daily.
For statistical evaluation of results, ANOVA and t-test were used.
Results
The percentage of survival of larvae in control and different test concentrations of copper and zinc individually and in combination is shown in Figs 1-3.
In the control treatments, the overall survival rate was 95%. The survival was lower in the water treated with copper than in the control and as the concentration increased, the survival rate decreased. The lowest survival rate (25%) was observed at the highest concentration of 25 ppb copper and the highest survival rate (65%) at the lowest concentration of 5 ppb. Similarly, in zinc treatments, the lowest survival rate of 40% was observed at the highest test concentration of 50 ppb and the highest survival rate of 80% at the lowest test concentration of 10 ppb. The survival rate of the crabs was lower in treatments with mixed metal concentrations than in treatments with single metals. The overall survival rate was 40% at the lowest concentration of mixed metals and 15% at the highest concentrations. The overall survival rate of the crabs in metal treated water decreased in the following order: zinc > copper > mixed metal concentrations.
The mean intermoult duration of larval stages in the control treatment and different test concentrations of copper and zinc and in mixed metal concentrations is presented in Figs 4-6. The mean intermoult duration of zoeal stages I-IV was 6.95, 4.6, 4.95 and 5.77 days, respectively, in the control group. At the highest concentration of copper, the durations of zoeal stages I-IV were 9.28, 5.29, 6.2 and 7.67 days, respectively. At the highest concentration of zinc, the durations of zoeal stages I-IV were 8.99, 5.13, 6.14 and 6.89 days, respectively, i.e., longer than in the control treatment but comparatively shorter than in water treated with copper. In the mixed metal treatments, the duration of zoeal stages I-IV was 9.67, 8, 7 and 8.25 days, respectively, which was longer than both, in the control group and treatments with single metals.
Analysis of variance for the differences in mean intermoult duration among control and different test concentrations of copper showed significant differences (F = 5.43, P < 0.005; 6.52, P < 0.005; 16.59, P < 0.005; 5.21, respectively, for zoeal stages I to IV). 't' values also showed significant differences in intermoult duration between controls and all test concentrations as well as among the individual test concentrations. The F values calculated for the differences in mean intermoult duration at different test concentrations of zinc also showed significant differences (F = 85.78, P < 0.005; 3.55 P < 0.025; 5.28, P < 0.005; 4.28 P < 0.005, respectively, for zoeal stages I to IV). 't' values also showed significant differences in intermoult duration between controls and all test concentrations. The intermoult duration at lower metal concentrations significantly differed from that at higher concentrations.
Analysis of variance showed significant differences in intermoult duration between the control and treatments with mixed metal concentrations (F = 38.77, P < 0.005; 9.09, P < 0.005; 4.62, P < 0.025, 6.25 P < 0.005, respectively, for zoeal stages I to IV). t-test showed that intermoult duration of all zoeal stages in control crabs differed significantly from those reared at medium and higher metal concentrations.
Results of both ANOVA and t-test showed significant differences in intermoult duration at various con- centrations of single metals and mixed concentrations of the two metals (P < 0.05). Moreover, ANOVA revealed significant differences in intermoult durations of all four zoeal stages among the low, middle and high metal concentrations (P < 0.05).
The total development time from hatching of I zoeal stage to the glaucothoe stage was 22.27 days in the control. At the highest concentrations of copper and zinc the duration was longer (28.44 and 27.15 days, re-spectively), but the longest development time (32.92 days) was observed in the treatment where the highest doses of mixed metals were applied.
Discussion
Van Vuuren et al. (1999) pointed out that metal pollutants are currently considered to be among the most toxic contaminants present world-wide. Carvalho et al. (1999) also stated that heavy metals are the most toxic, persistent, and widespread contaminants in estuarine systems and dissolved or suspended metals become available to plankton. Zinc is known to be particularly toxic to most animals and therefore further research into their effects on the ecology will prove to be invaluable in the future when metal concentrations may increase further (Jackson et al. 2005) . Therefore in the present study, the toxic effects of the heavy metals copper and zinc applied individually or in combination were studied on the larval development of the estuarine hermit crab C. longitarsus in terms of survival rate and intermoult duration. When applied individually or in combination, the survival rate of the crabs decreased and the intermoult duration increased with increasing metal concentrations. Copper was found to be more toxic than zinc and combination of metals was found even more toxic than individual metals. Epifanio (1971) defined the sublethal and chronic concentrations of pollutants. According to him sublethal concentrations are those in which there is differential survival with increased concentrations in relation to survival in the control medium and those in which more than 10% of the larvae reach the crab stage, whereas chronic concentrations are those in which less than 10% of the larvae reach the crab stage. These definitions are valid when survival of the crab is high in the control but not when survival is low (Bookhout & Costlow 1975) . However, in the present study the survival was higher in the control crabs.
Currently, the effects of heavy metals were studied only on the zoeal development of the hermit crab and not of the crab stage as the survival of glaucothoe depends, besides other environmental variables, to a greater extent on the availability of shells and types of shells. As the availability of shells will interfere with the toxic effects of the metals, in the present study effects of metals were studied only in zoeal stages. If the definition of Epifanio (1971) can be applied upto zoeal development in the case of hermit crabs, then all the test concentrations of the present study could be taken as sublethal.
With increase in concentration of copper and zinc, the survival rate of the larval stages decreased in the present study. Similar results have been reported also elsewhere. Bookhout et al. (1972) and Bookhout & Costlow (1975) studied the effect of mirex, a chlorinated hydrocarbon on the larval development of the crabs Rhithropanopeus harrisii (Gould, 1841), Menippe mercenaria (Say, 1818) and Callinectes sapidus (Rathbun, 1896) and found that as the test concentration increased the number of larvae reaching the megalopa stage decreased. While studying the effects of methyloxychlor on larval development of R. harrisii and C. sapidus, they also noted that the sharpest reduction in survival took place in the megalopa stage. They suggested that this was probably due to transformation of zoeal tissues to adult tissues. During this period the pollutants were released into the blood stream and this was the cause for mortality in some unknown way. The survival rate during post larval stage (glaucothoe stage) has not been observed as it requires minute shell for occupation before moulting into the first crab instar (Reese 1963) and will perish in the absence of suitable shells. As the observation of survival rate of glaucothoe due to pollutants alone is difficult, the present study was limited to zoeal stages. In individual metals mortality rate was higher in IV zoeal stage and in combination of metals in zoeal stages I, II and IV. In the combined metal tretaments, the survival rate decreased with increase in concentration, similarly as in treatments with single metals. Binning (1999) and Binning & Baird (2001) pointed out that the estuarine sediments and adjoining marshes serve as reservoirs for heavy metals and their increase in the rivers will definitely be of concern as these metals may adversely affect the survival of eggs and larvae of various estuarine animals. Heavy metals have been shown to affect the survival, moulting rate, growth and morphogenetic changes in crabs during their larval development (Lopez Greco et al. 2001) . Jackson et al. (2005) also reported such response in the larvae of the burrowing crustacean, Callianassa kraussi Stebbing, 1900. The above study showed that the synergistic effect of metals Pb and Zn resulted in significantly higher mortalities of C. kraussi larvae than treatments of single metals. In the present study, the survival rate of the hermit crab was also lower in mixed metal concentrations than in treatments with individual metals. In the mixed solutions of copper and zinc, both metals interacted together and produced toxic effects. This may be the reason for the lower survival rate.
In the present study, with increase in metal concentration, the overall time required for the completion of zoeal development increased in both individual metal treatments and at their combination. In previous studies, additional effects of synergism, namely an increase in the percentage of abnormal megalopa (in R. harrisii; Costlow & Bookhout 1971 ) and an extra zoeal stage (in R. harrisii; Christiansen et al. 1977) were reported. In the present study, neither abnormal postlarval stage nor extra zoeal stage were observed but the length of development significantly increased. Epifanio (1971) claimed that increased duration of development was associated with generalized stress. Stress in test concentrations of pollutants may act in two ways. First alteration in normal development, i.e., an increase in number of zoeal stages. As most of the crabs consistently have a definite number of zoeal stages, perhaps both larval moulting and rate of development are controlled by the same mechanism. According to Costlow (1966) two mecha-nisms may be involved, one that controls moulting and a second normally synchronized with the first that regulates the rate of morphological development, for when both the eyestalks of R. harrisii were removed, the larvae passed through an extra zoeal stage without morphological development.
Secondly, stress at higher concentrations of pollutants may exert an action on the mechanism which regulates morphological and moulting changes and hence faster development of larvae (Bookhout et al. 1972) . Moulting in crab larvae is known to be a neuroendocrine function (Costlow 1963 (Costlow , 1966 and naturally sublethal toxicity of neurotoxins may also interfere with moulting.
In the present study the time taken for completion of each stage was delayed more at mixed metal treatments than in treatments with single metals. Thus it was proved that the combined effect of copper and zinc was having more deleterious effect on the larval stages of the hermit crab.
In any attempt to set water quality standards the interaction of various pollutants is of utmost importance. There are many different types of effluents released into the aquatic environment and a vast number of possible pollutant combinations, many of which have not been investigated or even considered. The possibility of synergistic interaction between two or more compounds should always be considered as in the present study.
